In the present study, the effect and mechanism of periostin on renal proliferation and extracellular matrix accumulation of lupus mice were investigated. MRL/lpr mice, known as lupus mice, were revealed to show enhanced periostin, proliferating cell nuclear antigen (PCNA), and extracellular matrix accumulation in the kidney accompanied by increased serum platelet-derived growth factor (PDGF). Again, cultured mouse mesangial cells (MMCs) were treated with PDGF, then periostin, and PCNA and secreted fibronectin were detected. The results showed that intracellular periostin and PCNA were respectively enhanced by 2.691 and 2.308 times in PDGF-treated MMC cells at 6 h after stimulation. In addition, secreted fibronectin was increased by 1.442 times. Next, the transfection of periostin shRNA vector in PDGF-stimulated MMC cells effectively suppressed periostin, PCNA and secreted fibronectin by 45.27%, 47.75%, and 39.95%, compared with PDGF-stimulated cells transfected with control vector. Furthermore, it was found that PDGF increased the expression of phospho-Akt (Ser 473) from 30 min to 6 h in MMCs. LY294002 effectively inhibited phospho-Akt (Ser 473) expression caused by PDGF stimulation. Then, periostin, PCNA, and fibronectin were respectively decreased by 69.61%, 46.00%, and 46.20%. In the end, phosphoinositide 3-kinase/protein kinase B/periostin was suggested to mediate PDGF-induced cell proliferation and extracellular matrix production in lupus nephritis.
Introduction
Systemic lupus erythematosus (SLE) is distinguished by the production of autoantibodies which drive immune-complex-related inflammation and consequent tissue damage by binding to autoantigens in various tissues and organs including the skin, joints, kidneys, and nervous system. 1 Renal injury affects more than 60% of SLE patients and renal failure contributes mainly to morbidity and mortality. Currently, emerging evidence revealed that lupus nephritis was an important cause of chronic kidney disease (CKD). 2 The pathological manifestation of lupus nephritis includes renal mesangial hypercellularity, mesangial matrix content accumulation, endocapillary proliferative lesions, thickening of the glomerular basement membrane, renal vein thrombosis, tubuloreticular inclusion, and renal sclerosis. 3 Among these lesions, the most typical features are mesangial cell proliferation and cumulative extracellular matrix, accompanied with inflammatory cell infiltration. Renal mesangial cells are the most active intrinsic cells and can be stimulated by various cytokines, leading to the accumulation of an extracellular matrix, abnormal ingredients, and fibrosis. 4 The extracellular matrix is a mesh that consists of glycosaminoglycans and fibrous proteins. In detail, the extracellular matrix components include hyaluronic acid, heparin sulfate, chondroitin sulfate, fibronectin, and collagen. 5 At present, more and more studies focus on a kind of extracellular matrix-related molecule, matricellular protein that dynamically expressed non-structural protein and had a regulatory role. 6 Matricellular proteins include thrombospondins (TSPs), fibulin, CCN family, and osteopontin. 7 Among these, osteoblast-specific factor-2 (periostin), which is involved in tooth and bone remodeling, was named for expressing in the periosteum and periodontal ligament. Periostin was an osteoblast-specific factor involved in osteoblast recruitment and cell adhesion. The structure of periostin composed of an N-terminal emilin (EMI) domain, four tandem repetitive fasciclin-1 domain, and C-terminal heparin-binding site domain. 8 Periostin distributes not only inside the cell, but also outside the cell. The different locations serve periostin as a multiple function protein. Periostin usually interacts with extracellular matrix molecules intracellularly, 9 and promotes cell motility and migration extracellularly. 10 In addition, it was reported that periostin regulates many cell physiological behavior such as cellular signal transduction, proliferation, differentiation, 11 epithelial-mesenchymal transition (EMT), and renal interstitial fibrosis. 12 Currently, Wantanasiri et al. analyzed periostin staining by an immunohistochemical method in the kidneys of lupus nephritis patients. A positive signal was found in the periglomerulus, the tubules, the sclerosed glomeruli, and interstitial fibrosis. Furthermore, they revealed that periostin was correlated with worsening renal function. 13 However, the exact role and mechanism of periostin in lupus nephritis is still not clear. Therefore, lupus nephritis mice (MRL/lpr mice) and mouse mesangial cells (MMCs) were chosen to determine the relationship and mechanism between periostin and renal ECM accumulation, and cell hyperplasia.
Materials and methods

Ethics statement
The Institutional Animal Care and Use Committee at Hebei Medical University approved the research procedures.
Reagents
Rabbit polyclonal anti-periostin antibody was purchased from Abcam Co. (Cambridge, MA). Rabbit polyclonal anti-fibronectin and anti-proliferating cell nuclear antigen (anti-PCNA) antibodies were bought from Protein Tech Group, Inc. (Chicago, IL). Rabbit monoclonal anti-Akt and anti-phospho-Akt (Ser 473) antibodies were bought from CST, Inc. (Boston, MA). Anti-b-actin antibody was obtained from Epitomics Co. (Burlingame, CA). Recombinant platelet-derived growth factor-BB (PDGF-BB) was bought from PeproTech, Inc. (Rocky Hill, NJ). Enzyme-linked immunosorbent assay (ELISA) kits for PDGF and fibronectin were acquired from Blue Gene Biotech Co. (Shanghai, China). Periostin shRNA vector (pYr-1.1-musPostn-sh), control vector (pYr-1.1-NC), periostin expression vector (pYr-ads-4-musPostn), and control vector (pYr-adshuttle-4) were constructed by Changsha Yingrun Biotechnology Co. Ltd (Changsha, Hunan, China). LY294002 was purchased from Sigma Chemical (St. Louis, MO). Lipofectamine 2000 was bought from Invitrogen (Carlsbad, CA). Periodic acid Schiff (PAS) staining kit was purchased from Baso Diagnostics Inc. (Zhuhai, Guangdong, China).
Mice
Female MRL/MpJ-FASlpr/J (MRL/lpr) mice known as lupus mice models were supplied by the Shanghai Experimental Animal Center (SLAC), Chinese Science Academy (Shanghai, China). Similar-aged female MRL/MpJ mice were chosen for control. All mice were housed according to the standard procedures, and were sacrificed at 24 weeks old before blood and urine were obtained for testing of BUN, Cr, PDGF, and urine protein. Then the kidneys were excised for protein extraction and section making.
Cell culture
MMCs stored in our lab were cultured in F12/DMEM medium containing 10% fetal bovine serum, 1% penicillin, and streptomycin. Cells were passaged at 70% confluency using trypsin digestion. For the periostin expression vector experiment, MMC cells were grouped as untransfection, blank vector, and periostin expression vector groups. Cell transfection was carried out using Lipofectamine 2000 (Invitrogen). In detail, 4 mg DNA and 10 mL lipofectamine 2000 were mixed and added into MMCs (90% confluence), before changing medium with complete medium at 6 h after transfection, followed by related analysis after 6 h. For the PDGF treatment (10 ng/mL) experiment, MMCs were grouped as 0 h, 2 h, 4 h, 6 h, and 12 h groups. For the periostin shRNA vector experiment, MMC cells were grouped as follows: blank control group, PDGF-treatment group, PDGF plus shRNA control vector group, and PDGF plus periostin shRNA vector group. Cells of the blank control group were incubated with complete medium without PDGF at 6 h after transfection. On the contrary, cells of the other three groups were incubated with the medium containing 10 ng/mL PDGF. Six hours later, periostin, PCNA, and fibronectin were detected. MMC cells were randomly grouped as follows: blank control group, PDGF treatment (10 ng/mL) group, PDGF (10 ng/mL) plus dimethyl sulfoxide (DMSO) group, and PDGF (10 ng/mL) plus LY294002 (10 mmol/L) treatment group in the LY294002 treatment experiment. At 6 h after treatment, the above tests were carried out.
Immunohistochemistry
Formalin-fixed, paraffin-embedded kidney slides were treated with a pressure cooker for antigen retrieval after they were deparaffinized and rehydrated. Goat serum was used to block non-specific binding sites, and then slides were respectively incubated with specific rabbit anti-PCNA antibody diluted at 1:200 overnight at 4 C, subsequently followed by a 30-min incubation with a biotinlabeled secondary antibody at 37 C. A phosphate-buffered saline (PBS) was applied to wash the slides three times before the incubation with horseradish peroxidase (HRP)conjugated serum protein (SP) complex at 37 C for 30 min. After being treated with DAB for 1 min, tissues were counterstained with hematoxylin for 3 min. A PBS was applied to replace the primary antibody as a negative control. Six images of each slide were captured with a microscope and quantitatively analyzed using Image Pro-Plus 5.0 software (Media Cybernetics, Silver Spring, MD), according to the integrated optical density (IOD) of the positive region.
Immunofluorescence
Immunofluorescence was performed for the detection of periostin and PCNA. After the cells were fixed and Zhao et al. PI3K/Akt/Periostin mediated renal proliferation and ECM deposit 161 permeabilized, goat serum was used to block unspecific binding at 37 C. Subsequently, cells were incubated overnight with the first antibody (periostin 1:200, PCNA 1:100) at 4 C, and the first antibody was visualized with a DyLight 549 or 488 labeled secondary antibody (KPL Co., Gaithersburg, MD) at 37 C for 2 h followed by the staining of cell nuclei with 4',6-diamidino-2-phenylindole (DAPI). Images were captured with a fluorescence optical microscope. Negative control was done with PBS replacing a primary antibody. Image Pro-Plus 5.0 software was used to statistically analyze the IOD of the positive signal.
PAS staining
Slides were deparaffinized, rehydrated, and placed in 0.5% periodic acid for 5 min. Schiff reagent was used to stain slides for 15 min after slides were washed with distilled water. Subsequently, counterstaining was performed in hematoxylin for 1 min, and then slides were dehydrated and mounted.
Enzyme-linked immunosorbent assay
A serum sample was collected from mice and supernatant was collected from in vitro cultured cells. The level of soluble fibronectin and serum PDGF were measured by ELISA kits in accordance with the manufacturer instructions. Absorbance was measured with a spectrophotometer at 450 nm. In order to reduce inter-assay and intra-assay variations, each experiment was repeated three times with each sample in triplicate.
Western blot
Tissue and cell protein were extracted using radioimmunoprecipitation assay (RIPA) buffer according to the standard protocol. Equal protein (30 mg) was loaded and electrophoresed followed by transferring to the polyvinylidene difluoride (PVDF) membrane. Blots were incubated with primary antibody (periostin 1:1000, PCNA 1:1000, phosphor-Akt Ser473 1:1000, Akt 1:1000, fibronectin 1:500, b-actin 1:1000) and then secondary antibody (1:5000 dilution in Trisbuffered saline). Proteins were revealed using an enhanced chemiluminescence detection kit following the manufacturer instructions. The internal control was b-actin to normalize the protein content. Each experiment was repeated three times. Bands were quantitatively evaluated with Gel-pro analyzer (Media Cybernetics, Silver Spring, MD) normalized for b-actin.
Statistical analysis
All values were presented as means AE SD, and differences were compared by t-test or one-way analysis of variance (ANOVA) followed by the Student-Newman-Keuls test. P < 0.05 was considered significant.
Results
Renal periostin, glomerular cell proliferation, and extracellular matrix production were increased in MRL/lpr mice As seen in Table 1 , MRL/lpr mice showed higher serum blood urea nitrogen (BUN) and urine protein compared with normal control mice (MRL/MpJ mice). Again, no significant difference in serum BUN between MRL/lpr mice and MRL/MpJ mice was found. Contrarily, the difference in urine protein between MRL/lpr and MRL/MpJ mice was significant (P < 0.05). The PDGF level of the serum was detected with an ELISA kit and the result revealed that PDGF was increased by 1.220 times in MRL/lpr mice versus controls (P < 0.05). Immunofluorescence and Western blot were used to determine the expression of periostin in the kidneys. The results of the immunofluorescence revealed an enhanced expression (indicated in green) of periostin in renal tubular and glomerular cells of MRL/lpr mice (Figure 1(a) ). Furthermore, Western blot confirmed that periostin protein was increased by 2.254 times in MRL/lpr mice versus MRL/MpJ mice (Figure 1(b) ).
PCNA was chosen to indicate the proliferation of renal cells using the method of immunohistochemistry. PCNA expression is mainly located in the nucleus of a variety of cells including renal mesangial cells, renal tubular cells, and renal capsule's epithelial cells. The result of Western blot revealed a 1.769-time increase of PCNA in MRL/lpr mice versus control mice (Figure 1(c) ). Again, PAS staining was used to explore the extracellular matrix accumulation, and it can be seen in Figure 1 (d) that no obvious extracellular matrix deposit was found in the kidneys of control mice. Contrarily, renal glomeruli showed evident extracellular matrix accumulation in MRL/lpr mice.
Periostin expression vector caused directly enhanced PCNA and secreted fibronectin in MMCs
Periostin expression vector was transfected into MMCs and G418 was used to identify the cell clone that stably expressed periostin. Western blot data in Figure 2 (a) show that periostin vector-transfected cells presented higher periostin and PCNA expression than untransfected cells and blank vector-transfected cells. In detail, periostin and PCNA proteins were respectively increased by 2.211 times and 2.239 times in periostin vector-transfected cells versus blank vector control cells. We further used an immunofluorescence technique to confirm PCNA expression, and the data are illustrated in Figure 2 (b) that PCNA expression was higher in periostin vector-transfected MMC cells (shown in more pink fluorescence) than untransfected MMC cells and blank vector-transfected MMC cells. Moreover, it was proven by ELISA that secreted fibronectin was increased by about 9.493 times in MMC cells that stably expressed periostin protein, compared with cells that were transfected with blank control vector (P < 0.05). Again, there was no significant difference in secreted fibronectin between untransfected MMC cells and blank vector-transfected MMC cells found ( Table 2 ).
In vitro cultured MMCs stimulated by PDGF showed increased periostin, PCNA, and secreted fibronectin Western blot revealed that PDGF increased periostin expression in a time-dependent manner. At 2 h after the addition of PDGF, periostin began to increase and peaked at 6 h. Then periostin began to decrease from 6 h after stimulation and showed similar expression at 12 h as 0 h (Figure 3(a) ). Immunofluorescence also confirmed that PDGF could promote periostin expression (indicated in red) in renal mesangial cells (Figure 3(b) ). Subsequently, PCNA expression was detected by Western blot and immunofluorescence. We can see in Figure 3 (c) that PCNA (detected in pink) was increased strongly in the nucleus of renal mesangial cells stimulated by PDGF, while control group cells showed a weak expression of PCNA. Western blot revealed that PDGF increased the PCNA protein level by 2.308 times at 6 h after stimulation (P < 0.05) (Figure 3(d) ). Table 3 shows the result of ELISA that PDGF promoted the production of more secreted fibronectin in supernatant of cultured MMC cells. Statistical analysis revealed that compared with normal control cells fibronectin was increased by 1.442 times in PDGF-treated cells at 6 h after treatment. It can be seen in Figure 4 (a) that PDGF elevated periostin protein expression in cultured MMC cells compared with the blank control group. Moreover, the transfection of periostin shRNA vector in PDGF-stimulated MMC cells caused about a 60.38% decrease of periostin protein expression compared with PDGF-stimulated untransfected cells (P < 0.05). Again, there was no evident difference in periostin expression between PDGF-stimulated untransfection MMC cells and PDGF-stimulated shRNA control vector MMC cells found. Furthermore, immunofluorescence revealed similar data to Western blot that periostin was mainly located in the MMC cells' cytoplasm, indicated in red, and was increased by the addition of PDGF, which was reversed by the transfection with periostin shRNA vector (Figure 4(b) ). Similarly, the results of Figure 4 (c) demonstrate that PDGF-caused increased PCNA in MMC cells compared with non-PDGF-stimulated blank control cells. Then, it was prevented by the transfection of periostin shRNA vector without any change in PDGF-stimulated control vector-transfected MMC cells.
The data of Table 4 show that compared with blank control MMC cells, secreted fibronectin was enhanced in MMC cells of the PDGF group and the PDGF plus control vector group (P < 0.05). Moreover, secreted fibronectin in the PDGF plus control vector MMC cells was decreased by 39.95% in MMC cells of the PDGF plus periostin shRNA vector transfection group.
PDGF led to enhanced periostin, PCNA, and fibronectin in MMCs via the PI3K/Akt pathway First, we detected the effect of PDGF on the phosphoinositide 3-kinase/protein kinase B (PI3K/Akt) pathway in MMC cells. It can be seen in Figure 5 (a) that PDGF increased the expression of phospho-Akt (Ser 473) from 30 min to 6 h. Then phospho-Akt (Ser 473) expression began to decrease from 6 h and reached equal levels at 0 h and at 12 h. However, no difference in Akt was seen among six groups.
Second, we determined the influence of the PI3K/Akt pathway inhibition on PDGF-induced increased phospho-Akt (Figure 5(b) ).
Discussion
As we know, there are two different localizations of periostin: intracellular localization and extracellular localization.
Our study revealed that periostin mainly expressed in the cytoplasm of renal mesangial cells and tubular epithelial cells. Similarly, cytoplasmic periostin has been reported in various cells such as M3T3-E1 osteoblast-like cells, 14 human corneal fibroblast cell lines, 15 human breast cancer cells, 16 renal tubular cells of 5/6 nephrectomy, and in unilateral ureteral obstruction. 12 Some researchers speculated that the increased cytoplasmic periostin indicated damage of the cell secretory system. 12 Jackson-Boeters et al. found that skin pathological remodeling caused the switch of periostin from cells to the ECM. 17 Therefore, we speculated that no significant extracellular periostin in this present study might be due to a mild interstitial lesion that was not enough to trigger the switch. However, these hypotheses required confirmation by further experimentation.
In this study, we also revealed that up-regulation of periostin in MMC cells caused cell proliferation and enhanced secreted fibronectin. Similarly, Mael-Ainin et al. reported that mice with wild-type unilateral ureteral obstruction showed a progressive increase in periostin and renal lesions in the obstructed kidney. In contrast, less renal interstitial fibrosis and inflammation were revealed in mice lacking the periostin gene. In vitro, overexpression of collagen I was found in renal epithelial cells treated with periostin. 18 Wallace et al.'s study on autosomal-dominant polycystic kidney disease (ADPKD) presented that periostin was increased in cyst-lining epithelial cells and bound to alphaVbeta3 and alphaVbeta5 integrins, leading to integ-rin-linked kinase activation and cell proliferation compared with normal tubule cells. 19 Besides, other researchers also demonstrated the influence of periostin on cell proliferation in neural stem cells following hypoxia-ischemia, 20 keloid fibroblast, 21 and atrioventricular valve cushions cells. 22 The above data suggested that periostin was a multiple functional regulator on extracellular matrix metabolism and cell proliferation.
PDGF was one of growth factors that regulated cell proliferation 23 and was proven to be responsible for mesangial proliferation, crescent formation, and progressive glomerulosclerosis. 24 In the present study, we also proved that PDGF was an activator to increase periostin expression, cell proliferation, and extracellular matrix metabolism in kidneys with lupus nephritis. Therefore, inhibition of serum PDGF may be an effective method to delay the progress of lupus nephritis. Furthermore, we investigated the mechanism involved in PDGF-induced increased periostin in MMC cells. PI3Ks are a family of enzymes that regulate intracellular signal transduction and are involved in diverse cellular functions by activating protein kinase B including cell proliferation, intracellular trafficking, differentiation, and motility. 25 Our research revealed that the blockade of the PI3K/Akt pathway prevented PDGF-induced increased periostin, PCNA, and fibronectin in MMC cells. In the end, our study suggested that periostin, known as regulatory matricellular protein, plays a key role in regulating cell proliferation and extracellular matrix metabolism in lupus nephritis. Again, the PI3K/Akt pathway mediated PDGF-induced periostin expression, cell proliferation, and extracellular matrix production in lupus nephritis.
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